Inflammatory cross talk between perivascular adipose tissue and the blood vessel wall has been proposed to contribute to the pathogenesis of atherosclerosis. We previously reported that human perivascular (PV) adipocytes exhibit a proinflammatory phenotype and less adipogenic differentiation than do subcutaneous (SQ) adipocytes. To gain a global view of the genomic basis of biologic differences between PV and SQ adipocytes, we performed genome-wide expression analyses to identify differentially expressed genes between adipocytes derived from human SQ vs. PV adipose tissues. Although Ͼ90% of well-expressed genes were similarly regulated, we identified a signature of 307 differentially expressed genes that were highly enriched for functions associated with the regulation of angiogenesis, vascular morphology, inflammation, and blood clotting. Of the 156 PV upregulated genes, 59 associate with angiogenesis, vascular biology, or inflammation, noteworthy of which include TNFRSF11B (osteoprotegerin), PLAT, TGFB1, THBS2, HIF1A, GATA6, and SERPINE1. Of 166 PV downregulated genes, 21 associated with vascular biology and inflammation, including ANGPT1, ANGPTL1, and VEGFC. Consistent with the emergent hypothesis that PV adipocytes differentially regulate angiogenesis and inflammation, cell culture-derived adipocyteconditioned media from PV adipocytes strongly enhanced endothelial cell tubulogenesis and monocyte migration compared with media from SQ adipocytes. These findings demonstrate that PV adipocytes have the potential to significantly modulate vascular inflammatory crosstalk in the setting of atherosclerosis by their ability to signal to both endothelial and inflammatory cells.
activity, and vascular smooth muscle cell growth and migration (11, 13, 24, 27, 38, 44) . PVAT, like other adipose depots, contains a mixture of cell types, including mature adipocytes and stromovascular (SV) cells (which include preadipocytes, vascular cells, and inflammatory cells). Very little is known regarding the specific characteristics of perivascular adipocytes and how they might contribute to PVAT's effects on vascular disease.
Prevailing evidence indicates that anatomically separated regional adipose depots are distinct with respect to gene expression patterns and functional characteristics (4, (7) (8) (9) 15) . These depot-specific features result from inherent differences in the adipocytes, imparted by the distinctive precursor cells (preadipocytes) from which they are derived (12, 19, 40) . Thus, in vitro differentiation of preadipocytes isolated from regional adipose depots produces adipocytes that phenotypically resemble their in vivo counterparts (7, 8, 32, 33) . In this regard, we demonstrated that in vitro differentiated human coronary artery perivascular (PV) adipocytes exhibit a reduced state of adipogenic differentiation compared with adipocytes from subcutaneous (SQ) or visceral (perirenal) adipose depots derived from the same subjects (8) . Secretion of anti-inflammatory adiponectin was markedly reduced, whereas that of proinflammatory cytokines IL-6, IL-8, and monocyte chemoattractant protein-1 (MCP-1), was markedly increased, in PV adipocytes. This unique phenotype of in vitro differentiated human PV adipocytes closely mirrored the phenotype of those residing in the PVAT depot, suggesting that PV adipocytes exhibit a unique gene expression profile that underlies their role in vascular homeostasis.
Here, we performed global gene expression analyses with in vitro differentiated adipocytes from human coronary artery PVAT and subcutaneous adipose tissues derived from unrelated donors. Compared with SQ adipocytes, PV adipocytes exhibit elevated expression of a broad array of genes whose aggregated functions are associated with the regulation of angiogenesis and vascular morphology, inflammation, and blood clotting. Our global gene expression data also indicate that human coronary artery PV adipocytes are more similar to white than classical brown adipocytes, a finding consistent with our previous report (8) . Complimentary functional analyses confirm that PV adipocytes are more potent at inducing angiogenesis and monocyte migration compared with SQ adipocytes. These findings provide important insight into the unique molecular characteristics of PV adipocytes and the role of PVAT in regulating vascular function.
MATERIALS AND METHODS
Adipose tissue collection. SQ and left coronary artery PV adipose tissue samples were collected from human organ donors (Life Center Network, OH) who suffered terminal illnesses or injuries and whose organs were being procured for transplantation. None of the hearts employed in this study were used for transplantation or perfused with preservative solutions. These donors were nondiabetic and had no known metabolic diseases or atherosclerosis. Available donor-specific information of the six subjects in the primary cohort is provided in Table 1 (adapted from Ref. 8 ). This same cohort was used in our previously published report documenting a proinflammatory phenotype of human PV adipocytes (8) .
Subcutaneous adipose tissue (SQAT, collected from beneath the skin of upper abdomen) and PVAT overlying the left coronary artery was carefully dissected out. Adipose tissues were collected in cold DMEM/F12 medium, transported to the laboratory and processed within 30 -60 min. Some samples were prepared for histology and examined after hematoxylin and eosin staining as described previously (8) . Microarray study was performed with RNA samples from in vitro differentiated preadipocytes (see below) isolated from the first three paired samples (SQAT and PVAT) of the cohort (donors 1-3) shown in Table 1 . To validate selected gene expression data of the microarray study, we utilized RNA samples from in vitro differentiated preadipocytes of the entire cohort of six paired samples (SQAT and PVAT) shown in Table 1 . Furthermore, RNA samples from in vitro differentiated preadipocytes isolated from SQAT of a cohort of 20 patients undergoing elective abdominal surgery at the University of Cincinnati Medical Center were used to provide independent validation of selected gene expression data of our microarray study. Processing of the tissues and isolation/differentiation of the cells was performed in an identical manner in all cases. Our study was approved by the Institutional Review Board of the University of Cincinnati.
Preadipocyte isolation and in vitro adipogenic differentiation. Adipose tissue was digested with collagenase, and preadipocytes were isolated according to previously described methods (7, 8) . We plated SV fractions (ϳ10 6 cells) from 5-8 g of adipose tissue in a T25 flask with DMEM/F12 medium supplemented with 10% fetal bovine serum; the following day, floating and dead cells were removed by washing twice with PBS, and fresh DMEM/F12 supplemented with 10% FBS was applied for one more day. Thereafter, cells were collected by brief trypsinization (to avoid lifting firmly attached macrophages) and transferred to a T75 flask for continued culture. After 3-4 days, nearly confluent preadipocytes from the T75 flask were removed and separated into three T75 flasks. These T75 flasks became near-confluent in 3-4 days, after which the cells were removed and plated for in vitro adipogenic differentiation to evaluate gene expression, functional characterization, and cytoplasmic lipid droplet accumulation. Macrophage contamination was Ͻ1%, as determined by F4/80 immunostaining, a finding similar to that reported previously (39) .
For in vitro differentiation, preadipocytes (80 -90% confluence) were plated onto six-well plates or 10 cm dishes. Upon reaching confluence, the culture medium was replaced with human adipocyte differentiation medium (Cell Applications, cat. no. 811D) for 28 days (8) , with replenishment of medium in every 4 days. RNA was extracted from these cells with RNeasy lipid mini kits (Qiagen) and quantified, and quality was determined. We selected RNA from 7-day differentiated cells for Affymetrix Human Genes ST 1.0 gene chip assay. Quantitative RT-PCR validation of gene expression was performed as we described previously (7, 8) . Gene expression levels were normalized with ribosomal protein large P0 (RPLP0) as an endogenous control. In some experiments, supernatants from differentiating adipocytes were collected for determination of secreted proteins by ELISA, as we described previously (8) . The values were normalized to cellular protein levels (Bio-Rad protein assay kit). Initial plating of equivalent numbers of PV and SQ preadipocytes was routinely confirmed by cell counting and, in some experiments, by measuring cellular DNA content with Hoechst 33342 (Sigma) following differentiation for 7 days. Normalization of data with either cellular protein or DNA content produced similar results.
RNA labeling. Purified RNAs were analyzed for concentration and integrity using the Agilent Bioanalyzer RNA 6000 Pico Kit (Agilent Technologies, Santa Clara, CA) and then labeled as appropriate for hybridization to Human Genes ST 1.0 GeneChip (Affymetrix, Santa Clara, CA) using the Affymetrix WT labeling kit.
Microarray data analysis. CEL files were generated from the Affymetrix GeneChip Scanner 3000 7G using Expression Console v1.1.1 (Affymetrix). CEL files were subjected to robust multiarray average (RMA) normalization using Affymetrix CDF probe-set definitions. Relative gene expression levels were calculated based on the ratio of each sample's RMA signal intensity (2**RMA) to that of the median for each probe-set across the six samples. Probe-sets mapping to expressed genes were defined as those for which there were no known cross-hybridizing targets and that had Ͼ90% sequence identity to the hg19 genome reference human genome. Differentially expressed genes were identified by selecting probe-sets that demonstrated RMA intensity value Ͼ6.0 in more than three samples and that differed between source tissues per a Welch t-test P Ͻ 0.05 with (or without) Benjamini-Hochberg false discovery testing correction and fold-change cutoff more than twofold for signature genes or 1.5ϫ for genes used in pathway analysis. The dataset for this manuscript has been uploaded to the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) database as record GSE45169 http://www.ncbi.nlm.nih.gov/geo/ query/acc.cgi?accϭGSE45169.
Transendothelial monocyte migration assay. Human retinal endothelial cells (HREC) were seeded at 150,000 cells/well in 3 m Transwell inserts (BD Falcon, cat. #353492) and allowed to form a monolayer. Samples of conditioned medium (250 l) from in vitro differentiated (7 day) human SQ and PV adipocytes cultured in adipogenic differentiation medium (Cell Applications) were placed in the bottom chambers of the 24 well-plate containing the Transwell inserts, after which THP-1 cells (ATCC) (5 ϫ 10 4 , passages 12-14) suspended in serum-free medium were added to the top chambers and allowed to migrate for 16 h. Cells were removed from the luminal sides of the insert with a cotton swab, and the filter was then fixed in methanol, excised, and stained with 4',6-diamidino-2-phenylindole. Cells on the abluminal side were counted by capturing five low power fields (ϫ10), and the results were normalized to the basal level of THP-1 migration in the absence of a chemokine gradient. Human MCP-1 (R&D) was used as a positive control at the concentration of 20 and 2,000 pg/ml. The choice of HREC is based on our previous study demonstrating the utility of these human endothelial cells to form a stable monolayer for the migration assay (36) .
Tubulogenesis assay. We used enhanced green fluorescent protein (eGFP)-labeled human umbilical vein endothelial cells (HUVEC) for an in vitro tubulogenesis assay to evaluate the angiogenic potential of culture supernatants (conditioned media) from in vitro differentiated human PV and SQ adipocytes. HUVEC, obtained from ATCC, were labeled by infecting with lenti-PGK-eGFP vector; stably expressing eGFP-labeled cells were selected with puromycin and further purified by FACS sorting in our laboratory. These cells (1.5 ϫ 10 4 cell/well) were subsequently plated onto Matrigel (BD Biosciences, San Jose, CA)-coated -slides (Ibidi, Verona, WI) in 10 l of growth factor-reduced medium (46) , to which was added 50 l of conditioned medium from in vitro differentiated (7 day) human SQ or human PV adipocytes. Medium-incubated without cells served as the control. After 5 or 18 h, eGFP-labeled tube formation was visualized with fluorescent inverted microscope (Olympus), captured with a digital camera. Total tube length was measured as an index of angiogenesis.
Additional data analyses and quality control. Data are expressed as means Ϯ SE from at least three independent experiments. Statistical significance was evaluated by ANOVA.
RESULTS
We prepared adipocytes from paired human SQ and PV adipose tissues of unrelated donors using collagenase digestion to release SV cells that then were grown under adipogenic culture conditions (7, 8) . Under our defined culture conditions, 80 -90% of the adherent SV cells from both sources accumulated cytoplasmic lipid droplets following in vitro adipogenic differentiation. However, adipocytes derived from the two sources were morphologically distinct, with PV adipocytes appearing more irregular in shape and smaller in average size than those from SQ (Fig. 1A) . Consistent with their smaller size in situ, and as reported previously, differentiating PV adipocytes accumulated fewer lipid droplets compared with SQ adipocytes (Fig. 1 , B and C) (8) . Spectrophotometric quantification (not shown) demonstrated nearly 2.5-fold less oil red O-positive lipid accumulation in PV compared with SQ adipocytes (8) . RT-qPCR analysis of genes previously identified to be differentially expressed confirmed our earlier findings (8), e.g., reduced expression of classic adipogenic differentiation-associated genes in PV-derived adipocytes compared with those from SQ (not shown).
We next performed global gene expression analyses in the PV and SQ adipocyte samples, using the Affymetrix Human Genes ST 1.0 gene chip assay. We identified 15,721 genealigned probe-sets whose expression was Ͼ6.0 RMA units in at least three samples. As shown in the scatter-gram in Fig. 2 , the overall gene expression pattern of these transcripts was highly similar between PV and SQ adipocytes, with Ͼ90% of these not differing by more than twofold between any individuals or tissue of origin (blue circles). For example, only 454 probe-sets were identified that differed as a function of the individual using a Welch P value cut-off of 0.05, and fewer than 90 of which exhibited Ͼ1.5-fold variation compared with other individuals. In contrast, 1,599 probe-sets differed signif- Fig. 1 . Representative (n ϭ 6) light microscopic (ϫ20) appearance of hematoxylin and eosin-stained sections of left coronary artery perivascular (PV) and subcutaneous (SQ) adipose tissues from human organ donors (A). Preadipocytes (SV cells) were isolated from these tissues and differentiated in vitro as published previously (6, 7) . Lipid droplet accumulation by differentiating preadipocytes was examined after 28 days by light microscopy (B) and further verified by imaging after oil red-O staining (C) (ϫ20). Spectrophotometric quantification of the color intensity of oil red-O-positive materials at 510 nm showed that SQ adipocytes accumulate ϳ2.6 fold higher levels of cytoplasmic neutral lipids compared with PV adipocytes when normalized to cellular protein levels (7).
icantly (P Ͻ 0.05) as a function of tissue of origin (green circles), and of these, 405 probe-sets (red circles) corresponding to 307 different genes, were more than 1.5ϫ different between adipocytes from the two different tissues of origin. The relative patterning and distribution of these are shown in the heat map in Fig. 3 , and the most differentially regulated of these are listed in Table 2 .
Among the most differentially expressed genes that were strikingly higher in PV adipocytes included tumor necrosis factor receptor superfamily, member 11b (osteoprotegerin), integrin alpha 8, complement component 7, as well as many genes associated with vascular, cardiac, and hemostatic biology.
Among the genes expressed at much lower levels in PV adipocytes compared with SQ adipocytes were cell deathinducing DFFA-like effector c (Cidec), neuritin 1, dermatopontin, homeobox A9, C8, C9, C10, neurocalcin delta, zinc finger homeobox 4, and GDNF family receptor alpha 1, arginine vasopressin receptor 1A, and angiopoietin-like 1.
A summary of the features that are highly enriched in the two different lists are shown in Table 3 . These results indicate that there are highly significant biological differences between the two distinct adipocyte cell types, which map to early developmental differences, cardiovascular biology-related functions, and features involving the control of inflammation. PV adipocyte overexpressed genes are strikingly enriched for gene functions asso- Fig. 2 . Scatter plot showing the overall similarity of global gene expression patterns in human PV and SQ adipocytes differentiated in vitro for 7 days. Each dot represents a gene; the y-axis is the average for all PV samples, and the x-axis is that for SQ. Axis units are robust multiarray average (RMA) values (RMA ϭ log2 scale). Genes that are insignificantly different are aqua, P Ͻ 0.05 are green, P Ͻ 0.05 and Ͼ2ϫ are red. Note that most of the genes are quite similarly expressed in the 2 different sample types, but that a select population of genes is substantially different. ciated with the regulation of vascular development and the control of vascular morphology. As shown in the network diagram in Fig. 4 , the genes that are associated with these specific biological processes, pathways, and mouse gene knockout phenotypes, as well as the functional features themselves, are shown highlighted in yellow and connected by red line edges. What is also illustrated by red lines coming from these genes in to other concepts are the other molecular and functional associations of these genes, and by gray lines coming into them, the other properties, gene ontology pathway, and mutant mouse gene knockout phenotype associations that are also enriched among these PV-overexpressed genes. Thus it is possible to see in this view that the preponderance of these vascular modifying gene-associated features involve in the control of macrophage functions, inflammation, blood coagulation, hemostasis, and fibrinolysis.
Genes downregulated in PV compared with SQ adipocytes are also primarily related to the regulation of macrophages and phagocytes, the response to wounding and external stimuli, and the interaction and involvement with extracellular matrix and cell junctions. A large number of transcriptional regulators that are downregulated in PV adipocytes include HOX genes A6, A7, A8 and C8, C9, C10, and D8, and AR, ZFHX4, STAT5A, and PRDM2 as well as EBF1, EBF3, and RUNX1T1. As shown in red edges, these transcriptional regulators are associated with myeloid cell development, macrophage function, locomotion, and EGF signaling. Interestingly, three regulators of angiogenesis are also present in this group, VEGFC, ANGPT1, ANGPTL1. This further suggests that genes involved in the regulation of vascular development and differentiation are differentially expressed in PV adipocytes, which may be critical for the homeostatic maintenance of coronary blood vessels.
It is interesting to note that some anti-inflammatory genes, such as tumor necrosis factor ␣-induced protein 6 (TAIP6 or TSG6) and suppressor of cytokine signaling 2 (SOCS2), are also expressed at elevated levels in PV adipocytes. Collectively, these gene expression characteristics are consistent with the notion that PV adipocytes can bidirectionally regulate inflammation, thus contributing to maintenance of vascular homeostasis.
The most differentially expressed inflammatory gene identified in our study was osteoprotegerin, a soluble TNF receptor family member that is also a negative regulator of vascular calcification. We selected this gene for further verification by examining its mRNA levels by RT-qPCR in PV and SQ adipocytes and by performing ELISA of culture medium to evaluate protein secretion. Consistent with our microarray data, differentiating PV adipocytes exhibit elevated mRNA expression (Fig. 5A ) and protein secretion of osteoprotegerin (Fig.  5B ) compared with differentiating SQ adipocytes under identical culture conditions. Note that baseline osteoprotegerin secretion by PV preadipocytes significantly exceeded that by SQ preadipocytes (day 0); interestingly, osteoprotegerin secretion fell dramatically during differentiation of SQ preadipocytes, while rising during differentiation of PV preadipocytes. Osteoprotegerin and various other differentially expressed inflammatory genes identified in our microarray study, such as MCP-1, IL-6, and IL-8, were verified using paired RNA samples from PVAT and SQ adipocytes isolated from all six donors comprising the primary cohort listed in Table 1 (8) .
Next, we examined the functional importance of altered expression of inflammatory genes by PV adipocytes. Conditioned medium (7 day) from PV and SQ adipocytes was used as a source of chemoattractants in a transendothelial monocyte migration assay. Conditioned medium from PV adipocytes, compared with SQ adipocytes, was approximately twice as potent at promoting monocyte migration (Fig. 6, A and B) . These results may help to explain observations that in patients with atherosclerosis, PVAT exhibits markedly increased macrophage and T cell infiltration compared with SQ adipose tissue (14) . To evaluate the functional significance of altered expression of genes associated with angiogenesis and vascular development in PV adipocytes, we performed an in vitro angiogenesis assay. Conditioned medium from PV and SQ adipocytes was applied to eGFP-expressing HUVEC seeded in matrigel, and the cells were visualized 5 and 18 h later.
Exposure to conditioned medium from PV adipocytes for 5 h led to enhanced tube formation compared with control, and the effects were even more dramatic after 18 h of exposure. In contrast, conditioned medium from SQ adipocytes, at the concentration tested in our assay, produced only a modest angiogenic response at the 5 h time point only GO, Gene Ontology.
( Fig. 7, A and B) . These findings point to a differential role of PV adipocytes in promoting angiogenesis via paracrine mechanisms. Because mouse PVAT from the thoracic aorta was shown to exhibit a gene expression pattern similar to that of interscapular brown adipose tissue (BAT) (10), we also examined expression of brown adipocyte-related genes in human PV adipocytes compared with human SQ adipocytes, which are prototypical white adipocytes. We previously showed by RT-qPCR analysis that expression of UCP-1, a gene highly enriched in BAT, was expressed at similar levels in human PV and SQ adipocytes, whereas expression of PRDM16, a master regulator of brown adipocyte differentiation, and PGC1␣, another brown adipocyte marker, was higher in the PV adipocytes (8) . In the present study, none of the genes recently reported to be highly enriched in classical BAT of mice (i.e., Elovl3, Slc27a2, Cox7a1, Cpt1b, Kng2, Acot11, Cidea, Dio2, PRDM16) show any statistically significant difference in expression between SQ and PV adipocytes. Interestingly, TCF21, a selective white adipose tissue marker (43) , is actually significantly overexpressed in the PV compared with SQ adipocytes, while leptin, another white adipose tissue marker, is expressed at a much lower level in PV compared with SQ adipocytes. Together, these gene expression characteristics are consistent with the conclusion that human coronary artery PV adipocytes are a highly unique subtype of white adipocytes.
DISCUSSION
Our global gene expression analyses indicate that human SQ and PV adipocytes exhibit distinct biological characteristics that map to both early developmental differences and cardiovascular biology-related functions. The early developmental differences predict that PV and SQ adipocytes originate from distinct precursor cells (12, 19) . The findings that PV adipocytes constitutively overexpress genes associated with the control of vascular morphology, inflammation, and hemostasis are consistent with the purported role of this adipose depot in regulating vascular pathophysiology. Functionally, PV adipocytes exhibit increased capacity to attract immune cells and to induce angiogenesis, both of which are observed in atherosclerotic arteries. Together, these findings support a role for PV adipocytes in both vascular homeostasis and the pathogenesis of atherosclerosis.
Until recently, PVAT has been virtually ignored in human and animal studies of cardiovascular disease. However, clues have emerged suggesting that PVAT may be an important contributor to disease pathogenesis. First, in humans, PVAT anatomically colocalizes with atherosclerotic plaques and regions of vascular calcification (22, 25) . Second, PVAT surrounding atherosclerotic human blood vessels exhibits a heightened state of inflammation, both in terms of cellular infiltration and proinflammatory gene expression (2, 14, 16, 26) . In studies in rodent models fed high-fat diets, PVAT accumulates at sites prone to development of atherosclerosis Fig. 4 . Biological network-based representation of functional associations of PV-overexpressed genes. The gene-associated features (pathways, mouse knockout phenotypes, gene ontology categories) that are directly related to angiogenesis and determine blood vessel morphology and morphogenesis are shown as yellow squares that are connected to their corresponding genes (yellow hexagons), from which red edges representing all of their connections are also displayed in the network diagram. Thus, other categories to which these genes are connected have red edges coming into them. From this representation it is clear that these PV-upregulated genes achieve angiogenic control in part by their various abilities to, in aggregate, regulate wound response, response to lipids, fibrinolysis, and extracellular matrix/adhesion junctions compared with SQ adipocytes.
and secretes potent chemokines that attract monocytes and T cells to the adventitial interface (28) . Also, mechanical injury rapidly induces inflammation and perturbs adipokine gene expression profiles in PVAT in mice and pigs (14) . These observations suggest that PVAT may contribute to a variety of cardiovascular diseases, including atherosclerosis and postangioplasty restenosis. The data provided in this study identify differentially expressed genes in PV adipocytes that are likely to be mechanistically linked to the observational studies and constitute potential therapeutic targets to modulate "outside-in" signaling in vascular disease.
To identify differentially expressed genes, we isolated adipose depot-specific preadipocytes, expanded them in vitro, and induced in vitro differentiation under well-controlled culture conditions. This approach offers several advantages over studying freshly isolated adipocytes removed from their respective depots. First, freshly isolated adipocytes are mechanically fragile, making it difficult to isolate and maintain equivalent numbers of living cells for comparison purposes. Moreover, their viability diminishes rapidly ex vivo, which compromises collection of conditioned media needed for functional correlations. Third, adipose depots are composed of adipocytes that span a broad spectrum of ages; in vitro differentiation synchronizes the adipocytes and eliminates this important variable, which can influence global gene expression patterns (17, 35) . Finally, the process of collagenase isolation acutely changes the gene expression profile of isolated adipocytes and can thus itself complicate data analyses (34, 41) . Although in vitro differentiation has obvious limitations (e.g., does not perfectly mimic the in vivo differentiation process), our stringent protocol yields adipocytes that bear striking resemblance to their in vivo counterparts in terms of adipogenic gene expression, adipocytokine expression, and lipid accumulation, thus providing a suitable model to compare adipocyte phenotypes between adipose depots within a donor population (8) .
Among the various differentially expressed genes, integrin-␣8, which serves as a receptor for fibronectin, vitronectin, tenascin-C fragments, osteopontin, and nephronectin, but not for collagens, is expressed at an elevated levels in PV adipocytes. As shown in Fig. 4 ITGA8 is part of a set of genes overexpressed in PV adipocytes that could modify their interactions with extracellular matrix, adhesion, and integrin signaling, thus having the potential to modify tissue morphology. However, the precise functional significance of elevated expression of integrin-␣8 and other adhesion molecules in PV adipocytes remains to be established. Nevertheless, this finding suggests that interaction of PV adipocytes with extracellular matrix components is likely to be distinct from that of the SQ adipocytes.
Complement 7 and complement H are also expressed at much higher levels in PV adipocytes. The complement system is a component of the innate immune system and plays an essential role in eliminating microbes, immune complexes, and damaged cells, in addition to modulating adaptive immune responses. Complement genes are regulated at the transcriptional levels by proinflammatory cytokines such as IL-6 and interferon-␥. Indeed, PV adipocytes express elevated levels of proinflammatory factors, including IL-6, SERPINE2, SERPINE1, and cytosolic PLA 2 . Elevated expression of genes of the complement system is thus consistent with the proinflammatory phenotype of PV adipocytes.
Inflammation is strongly linked to coronary atherosclerosis and myocardial infarction. In particular, one of the most differentially expressed genes identified in this study was osteoprotegerin, whose levels are positively correlated with atherosclerotic disease in humans (42) . Our global gene expression analyses demonstrate that PV adipocytes constitutively express elevated levels of numerous proinflammatory and some anti-inflammatory genes, despite the fact that these cells are derived from healthy individuals with no history of coronary disease. These findings suggest that PV adipocytes can potentially both foster and moderate inflammation, consistent with a homeostatic role in health and disease. Disseminated intravascular infections were common in the preantibiotic era and were typically fatal when involving large arteries, suggesting that the proinflammatory properties of PV adipocytes may have been crucial in controlling such infections in the remote past. In mice fed a short-term high-fat diet, PVAT exhibits upregulated proinflammatory gene expression, suggesting that dietary lipids may, analogous to bacterial membrane lipids (endotoxins), activate innate immune signaling pathways that lead to enhanced vascular inflammation (8) . This hypothesis, which may help to explain the increased risk of coronary atherosclerosis associated with obesity, needs to be verified in future investigations.
Increased angiogenesis is also a key feature of advanced atherosclerotic lesions, and it may play an important role in modulating the disease process (3, 31) . In particular, adventitial microvessels deliver inflammatory cells to the blood vessel wall, while plaque microvessels may also serve as a conduit for entry of erythrocytes, which are enriched in cholesterol and carry chemokines, into atherosclerotic lesions. In human coronary plaques, cholesterol colocalizes with glycophorin-A, a membrane marker of erythrocytes, thus implicating intraplaque hemorrhage in the progression of atheroma (20, 29) . However, the mechanisms responsible for increased angiogenesis in advanced atherosclerotic lesions are unknown. Adipocytes secrete a variety of angiogenic factors (6) , and our functional studies with conditioned medium raise the intriguing possibility that PV adipocytes may play a previously unrecognized but important role in promoting angiogenesis in the setting of atherosclerosis. To the best of our knowledge, no previous studies have directly compared the angiogenic potential of differentiated adipocytes from human PVAT and SQAT, although a previous study reported comparable angiogenic potential between human SQAT and visceral omental adipose tissues of severely obese subjects (21) . The latter study is not strictly comparable with the present study, however, since omental rather than PV tissues were used, and intact adipose tissues contain numerous other cell types (i.e., stromal cells, mesenchymal stem cells, inflammatory cells) that may have contributed to the angiogeneic responses. A recent study demonstrated that the gene expression profile of mouse thoracic PVAT is indistinguishable from that of the BAT and is protected from proinflammatory changes during metabolic stress (10) . We report that human coronary artery PVAT does not exhibit characteristics of classical BAT; whether PVAT surrounding other vessels in humans, such as the aorta, shares similar characteristics remains to be determined. On the other hand, human coronary artery PV adipocytes could be similar to recently described thermogenic beige adipocytes (43, 45) , given their elevated expression of certain beige adipocyte-specific marker genes (8) .
Collectively, our findings suggest that human coronary artery PV adipocytes are distinct from SQ adipocytes with respect to gene expression characteristics and functional activities. PV adipocytes exhibit elevated levels of expression of proinflammatory genes and genes associated with angiogenesis, coagulation, and vascular morphology. Under identical adipogenic induction conditions, PV adipocytes achieve a distinct genomic program that is likely reflective of their differential precursor cell programming, their role in regulating cardiac blood vessel morphology and homeostasis, and their potential to mediate outside-in inflammatory and angiogenic signaling. The recent development of catheterbased systems that permit delivery of reagents into the vascular adventitia may soon make it possible to target PV-specific molecular pathways in the treatment of vascular disease in humans (18) .
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